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Abstract
We have performed functional and ultrastructural characterization of Synechocystis PCC 6803 wild type and of two
 .mutants, the first one PMB11 lacking phycocyanin and still possessing the core of the phycobilisome and the second one
 .  .PDE lacking phycocyanin and Lcm the core-membrane linker and totally devoid of assembled phycobilisome structure.
In the three strains, the state 1-state 2 transition occurred and was accompanied by ultrastructural changes. In state 1, an
increased percentage of PS II-associated EF particles were aligned in rows compared to state 2 where more EF particles
were randomly distributed in the membrane. A spill-over model is suggested by our ultrastructural and spectrophotometric
results.q 1997 Elsevier Science B.V. All rights reserved.
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1. Introduction
The ultrastructure of cyanobacterial thylakoids and
 .phycobilisomes PBS , in particular of Synechocystis
PCC 6714 and 6803, has been well characterized and
w xpresented in several reviews 1–4 . In contrast to the
chloroplast thylakoids, cyanobacteria have no stacked
or unstacked domains where the photosynthetic pro-
tein complexes are differentially distributed. In these
organisms, different thylakoid membrane organisa-
tions have been described, depending on the strain.
Abbreviations: PBS, phycobilisome; PS, Photosystem; WT,
wild type.
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Whereas in Synechococcus PCC 7942 thylakoid
membranes are concentrically distributed on the cell
periphery, in Synechocystis PCC 6803, they have a
radial distribution from 2 or 3 poles of the cell
w xmembrane 5 . Concerning the ultrastructural organi-
zation of intrinsic photosynthetic complexes, it has
been shown by immunocytochemistry that, in Syne-
chococcus PCC 7942, PS I centers and ATP syn-
thases are located in the outermost thylakoid mem-
branes whereas PS II and cytochrome b rf com-6
plexes are localized throughout the thylakoid mem-
branes. In Synechocystis PCC 6803 no such hetero-
geneity occurs, the photosynthetic complexes have
been found evenly distributed throughout the th-
w xylakoids 6 . This is in agreement with our freeze-
fracture experiments in Synechocystis PCC 6803,
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showing that PS I complexes are randomly dis-
 .tributed on the protoplasmic fracture faces PF and
PS II centers are either randomly distributed or
aligned in parallel rows on the external fractured
 . w xfaces EF 7,8 . Several lines of evidence, reviewed
w xin 9 support the hypothesis that the 10–13 nm EF
particles correspond to PS II complexes in PBS-car-
rying thylakoids. A stoichiometry of one PBS per PS
w xII has been reported in Synechocystis PCC 6714 10 ,
a strain similar to Synechocystis PCC 6803.
Cyanobacteria, like all oxygenic photosynthesis
performing organisms, have the ability to maintain an
efficient light-energy conversion by regulatory mech-
anisms assuring balance between the two photo-
systems I and II. One short-term adaptation process,
called light state transition is a regulatory mechanism
which allows changes in the energy distribution from
the light-harvesting complex to the two photosystems
in order to compensate for under-excitation of one of
them. In higher plants and green algae, the mecha-
nism of this regulation has been shown to involve the
redox status of the plastoquinone pool, the activation
of a kinase and the phosphorylation of the PS II
light-harvesting complex allowing its displacement
from one photosystem to the other for reviews, see
w x.11,12 . In cyanobacteria, the mechanism of this
adaptation is still in debate, concerning both the
triggering events and the associated structural
changes. Three models have been proposed: the ‘mo-
bile PBS model’ movement of the PBS between PS
. II and PS I , the ‘spill-over model’ change of the
rate of energy transfer from PS II to PS I chloro-
. phylls , and the ‘detachment model’ detachment of
.PBS from PS II . Several reviews, in favour of one or
w xthe other hypothesis have been published 12–14
In previous studies using Synechocystis 6714 wild
w xtype 7 or Synechocystis 6803 wild type and a
w xrod-less phycobilisome mutant 8 , we have shown
that both strains were able to perform state transitions
correlated to changes in the ultrastructural organiza-
tion of EF particles: in state 1, a higher percentage of
EF particles form rows, when compared to state 2.
However, this result did not distinguish between the
three above hypotheses, because the alignment ob-
served in state 1 could have been facilitated by a
close association between phycobilisomes and PS II,
and conversely, a decrease of the alignment could be
due to a detachment of the phycobilisomes from PS
II. However, characterization of the state transitions
by fluorescence measurements was in favour of the
spill-over mechanism rather than of the detachment
model.
In this paper, we present ultrastructural characteri-
zation of Synechocystis PCC 6803 wild type, the
w xpreviously described rod-less PMB11 mutant 15 and
PDE, a mutant derived from PMB11, in which the
allophycocyanin subunits failed to assemble into a
w xcore 16 . We also analysed the correlation between
state transitions and ultrastructural changes. In addi-
tion, as a control for the spectroscopic and ultrastruc-
tural changes occurring upon transitions, we tested a
 .NAD P H deshydrogenase-defective mutant of Syne-
 -. w xchocystis 6803 ndh , called M55 17 unable to
w xperform state 2 transition 18 .
2. Materials and methods
2.1. Strain and culture conditions
Synechocystis PCC 6803 wild type and mutants,
 . w x PMB11 phycocyanin-less 15 , PDE PMB11,
y. w x  y. w xDapcE 16 . and M55 ndh 17 were grown
photoautotrophically in liquid medium as described
w xin 19 with twice the concentration of sodium nitrate,
in a rotary shaker at 308C under 3500 lux 60 mEP
y2 y1.  .cm Ps in a CO enriched 5% atmosphere.2
2.2. Electron microscopy
Embeddding and thin sections were as described in
w x20 . For freeze-fracture experiments, cells adapted
either to state 1 or to state 2 were frozen in freon 22
and stored in liquid nitrogen. Freeze fracturing and
platinum-carbon shadowing were performed with a
Balzers apparatus at a temperature of y1508C. Parti-
cle sizes and densities were calculated on micro-
graphs at a magnification of 200,000 using a Tek-
tronix coordinate analyser and computer.
For state 1 adaptation, DCMU 10y5 M was added
to the cells which were then frozen under white light.
For state 2 adaptation, cells were kept in darkness
and anaerobiosis several minutes before freezing un-
der dim green light.
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 .Fig. 1. Ultrastructural analysis of WT, PMB 11 and PAE mutant strains. In A , thin sections of the cells show, as evidenced at higher
 .magnification in B , that the distance between thylakoid membranes is reduced in the absence of PBS and Lcm, if compared to WT. In
 .C , the external freeze-fracture faces reveal an arrangement of EF particles in rows of which the distance is decreased in the two mutants.
 .The particle diameter, as indicated on the histograms in D , is similar for the three strains.
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2.3. Fluorescence measurements
Fluorescence measurements were as described in
w x16 . Cell samples were filtered onto nitrocellulose
discs and prior to freezing in liquid nitrogen, either
illuminated at 440 nm for 30 s in order to adapt them
to state 1, or kept several min in darkness in order to
adapt them to state 2. The spectra were recorded as
uncorrected responses of the photomultiplier.
3. Results
3.1. Ultrastructure of the Synechocystis PCC 6803
wild type and PBS mutants
Thin sections of the three strains have been ob-
tained and are presented on Fig. 1A,B. They are
characterized by differences in the distance between
thylakoid membranes measured as schematised in
 .Fig. 2. In the wild type WT , 46 nm separate two
thylakoid membranes; however, the distance is re-
duced to 24 and 4 nm in PMB11 and PDE, respec-
 .tively Fig. 1B, Table 1 .
Freeze fracture analysis of the three types of cells
reveals the presence of both randomly distributed EF
particles and EF particle rows, as previously observed
w xin WT and PMB11 7,8 . In Fig. 1C, images contain-
ing rows have been selected in order to show that the
distance between the rows is dependant on the size of
the light harvesting complexes. The values measured
.as described in Fig. 2 of 51, 23 and 16 nm corre-
spond to WT, PMB11 and PDE, respectively Table
.1 . The particle diameters are similar in the three
Fig. 2. Schematic representation of the thylakoid membrane and
phycobilisome organisation in the wild type and mutants of
Synechocystis PCC 6803.
strains, as shown on the histograms of Fig. 1D. The
mean diameter is around 12 nm.
The particle density has been established in the
Table 1
Characteristics of Synechocystis PCC 6803 wild type and phycobilisome mutants
Strain Distance between Distance between Density of % of PS II-associated
thylakoid membranes EF particle rows EF particles particles forming rows
a a 2 .  .  .nm nm prmm State 1 State 2
Wild type 45"10 51"12 1100 62 37
y .PMB11 PC 21"5 23"6 1450 61 30
y y .PDE PC , Lcm 4"1.5 16"3 2300 51 30
y .M55 ndh n.d. n.d. n.d. 62 63
The distance between thylakoids and the distance between rows have been determined as indicated in Fig. 2.
a For each strain, 20–50 measurements were performed in 3–5 different thin sections of cells.
n.d., not determined.
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different strains and the mean value for each strain is
reported in Table 1. The density increases from 1100
prmm2 in WT to 1450 and 2350 prmm2 in PMB11
and PDE, respectively.
3.2. State 1-State 2 adaptation of the Synechocystis
PCC 6803 wild type and PBS mutants
3.2.1. Fluorescence measurements
Emission spectra presented in Fig. 3A resulted
from excitation at 570 nm preferentially exciting the
phycobiliproteins. In WT, the peaks at 650 and 665
nm correspond to phycocyanin and allophycocyanin
emission, the peaks at 685 and 695 nm correspond to
PS II emission and probably there is a small contri-
.bution of the terminal emitters of PBS at 685 nm
and the peak at 720 nm corresponds to the PS I
 w x.emission for a review see 21 . The PS II emission
 .is higher in state 1 open squares than in state 2
 .filled squares while the peaks at 720 nm are similar
for the two states. In PMB11, the peak at 650 nm is
absent because of the lack of phycocyanin, only the
allophycocyanin emission at 665 nm is present. In
this mutant as in the wild type the PS II emission is
higher in state 1 than in state 2. In PDE, a significant
emission at 665 nm is observed corresponding to
oligomeric allophycocyanin subunits, and the emis-
sion bands of PS II and PS I, poorly excited at 570
w xnm, are hardly visible 16 .
In Fig. 3B, emission spectra were recorded upon
excitation in the chlorophyll absorption band at 440
 .nm. In state 1 open squares PS II emission at 685
and 695 nm is increased in the three strains if com-
 .pared to state 2 filled squares . Conversely, the
emissions at 720 nm are similar in both states for the
three strains. These results indicate that the two
 .Fig. 3. 77 K fluorescence emission spectra of cells of wild type and mutants of Synechocystis 6803 adapted to state 1 I and to state 2
 .B . A: excitation wavelength was 570 nm. B: excitation wavelength was 440 nm. Spectra of state 1 and state 2 adapted cells were
normalized at 665 nm. For details, see Section 2.
( )J. Oli˝e et al.rBiochimica et Biophysica Acta 1319 1997 275–282280
mutant strains are able, as WT, to perform state
transition. In contrast, the M55 mutant of Syne-
chocystis 6803, unable to perform state transitions
w x18 , did not present any spectrum modification upon
treatments leading to state adaptation in the other
 .strains data not shown .
Furthermore, it appears from comparison of the
spectra of the WT, PMB11 and PDE in state 1 Fig.
.3B that the PS IIrPS I fluorescence ratio increases
in parallel with the reduction of the PS II antenna
size.
3.2.2. Electron microscope characterization
As already mentioned, state 1-state 2 transitions
have been correlated to changes in the organization
of the EF particles. In state 1, the number of row
forming particles is increased, if compared to state 2.
Such rows are illustrated in Fig. 1C. We quantified
this particle distribution on a large number of images
randomly taken on replicas obtained with either state
1 or state 2 adapted cells. As shown in Table 1, the
percentages of row-associated particles in WT,
PMB11 and PDE strains are 62, 61 and 51% of total
particles in state 1 versus 37, 30 and 30% in state 2,
respectively. In contrast, in the M55 mutant which
does not show any state transition, the percentage of
 .aligned particles is unchanged 62% under condi-
tions inducing state transition in the other strains
 .Table 1 .
4. Discussion
In the wild type, as the distance between two
 .adjacent membranes 45 nm is inferior to two times
 .a PBS height 30–60 nm , the PBS from two adja-
cent thylakoid membranes are not located face to face
 .but rather alternately arranged Fig. 2 , as already
observed in other strains by electron microscopy
w x5,22,23 . Similarly, in the PMB11 mutant, the inter-
 .membrane distance 21 nm is inferior to two times
 .the height of a core 17–18 nm . In the PDE mutant,
the thylakoids are almost stacked, the distance being
only of 4 nm. Similar changes have been observed in
the PBS-less Synechocystis sp. BO8402 strain when
compared to the PBS-containing strain Synechocystis
w xsp. BO9201 24 . The small interthylakoidal space in
strain PDE is not wide enough to accomodate ATP
synthase complexes. By analogy with what is pro-
posed for thylakoids of higher plants and of Chlamy-
w xdomonas reinhardtii 9,25 , the ATPases might be
localized in the external membranes of the appressed
thylakoids.
From freeze fracture experiments, it appears that in
the PBS-mutants as well as in the wild type Syne-
chocystis 6803, the EF particles are arranged either
randomly or aligned in rows. The distances between
 .the rows ‘d’ in scheme of Fig. 2 are dependent on
the width of the PS II antenna. The PBS width is
about 45 nm and the core width is about 20 nm. The
observed values of 51 nm in WT and 23 nm in
PMB11 are consistent with these estimations. In the
PDE mutant, the observed distance is 16 nm, i.e.,
only slightly more than the width of the PS II parti-
 .cles 13 nm . Similar arrangement of EF particles has
been observed in the Synechocystis sp. BO8402 mu-
w xtant 24 described as ‘paracrystalline patches of two
dimensionally ordered array of particles’ and in a
w xCyanidium caldarium mutant lacking PBS 26 de-
scribed as ‘aggregation’ of PS II particles.
In the PDE mutant, the presence of regularly
aligned particles as in WT indicates that PS II align-
ment is not due to the presence of PBS but rather to
PS II-PS II interaction which can occur indepen-
dently of the presence of assembled phycobilipro-
teins.
Within a row of particles, the distances between
EF particles and the sizes of the particles are similar
in the three strains. The histograms of the size of the
EF particles of the three Synechocystis 6803 strains
 .Fig. 1D are moreover identical. There is no differ-
ence in the particle sizes between aligned and un-
aligned EF particles. Whatever the strain, the mean
diameter is 12–13 nm. In contrast, two classes of
particles, of 10 and 15 nm diameter, have been found
in the Synechocystis sp. BO8402 mutant, while in the
PBS-containing Synechocystis sp. BO9201 strain,
three classes, of 10, 15 and 21 nm diameter, have
w xbeen observed 24 . Such a discrepancy with our
results could derive from overlapping of neighbour-
ing particles during platinum shadowing.
Particle density analysis reveals that PBS deficient
mutants are enriched in PS II centers compared to
WT, consistent with our spectroscopic analysis which
indicates an increased number of PS II centers rela-
w xtive to PS I centers in the mutants 16 . This increase
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reflects an adaptation mechanism to compensate the
loss of PS II sensitisation resulting here from the
decreased PS II antenna size, similar to observations
w xby Fujita’s group 14 who varied the PS I or PS II
sensitisation by illumination at different wavelengths.
Similarly, an increase of PS IIrPS I ratio has been
observed in other mutants lacking phycocyanin
w x24,26,27 .
4.1. State 1-State 2 transitions
Our spectroscopic analysis shows that, even in the
total absence of PBS, state transitions can occur.
State 1, induced by illumination of the cell suspen-
sion in the chlorophyll band before freezing, results
 .in higher PS II fluorescence 685 and 695 nm bands
than state 2, induced by incubation of the cells in
darkness. The 720 nm fluorescence band does not
change under conditions that should decrease PS I
emission in state 1 and increase it in state 2, but the
changes of PS I emission at this wavelength may be
masked by the opposite changes of PS II emission
because of overlapping of the emission bands. The
same phenomenon was observed in Synechococcus
w xsp. PCC 6301 by Salehian and Bruce 28 . After
decomposition of the fluorescence emission spectra
of cells in state 1 and state 2 in several components
corresponding to PS II and PS I emission bands, they
obtained a PS I emission larger in state 2 than in state
1. Then the ‘spill-over’ model seems to be the more
suitable to explain the mechanism of state transitions,
w xas already suggested by Bruce et al 27 for a Syne-
 ychococcus 7002 mutant devoid of PBS PC ,
.DapcAB . From these results, it could not be ex-
cluded that an eventual detachment occurs. However,
these results clearly demonstrate that such a detach-
ment is not a prerequisite for state transition. More-
over, both our previous spectroscopic measurements
w xon Synechocystis sp. PCC 6803 8 and the laser-in-
duced optoacoustic calorimetry measurements on
Synechococcus sp. PCC 6301 of Bruce and Salehian
w x29 , exclude uncoupling of energy transfer from
phycobilin pigments to PS II centers.
The correlation between ultrastructural modifica-
tions and state transitions is clearly demonstrated. In
state 1, a higher ratio of PS II-associated particles are
aligned into parallel rows than in state 2. These
ultrastructural changes associated to state transition
are independent of the presence or not of the PBS or
of the core since both mutants behave similarly to the
WT. Therefore the increase or decrease of PS II
alignment is not owing to a more or less close
association between phycobilisomes and PS II. As a
control, in the M55 mutant of Synechocystis 6803,
unable to adapt to state 2, no change in the distribu-
tion of EF particles and no difference in 77 K
fluorescence spectra were observed after treatments
that usually induce state transitions in the wild type.
These results confirm the correlation between ultra-
structural changes and state transitions. In state 1 the
arrangement in rows of PS II probably favours PS
II-PS II energy transfer and probably pigment orien-
tation is not favouring PS II to PS I energy transfer.
In state 2, the PS II randomization observed de-
creases the PS II-PS II interactions and favours PS II
to PS I transfer.
From the description of the phycocyanin-less mu-
tant PMB11 and of the PDE mutant, lacking phyco-
cyanin and Lcm, we showed that the distance be-
tween two adjacent thylakoid membranes is depen-
dent on the presence and the size of extrinsic PBS. In
the absence of PBS, the organisation of the photo-
systems in the membranes is not modified and state
transitions occur.
State transitions are correlated to ultrastructural
changes of the PS II-associated EF particles: in state
1, the percentage of aligned particles is increased, if
compared to state 2, as confirmed by the analysis of
M55 mutant. These results are in favour of the
‘spill-over’ model.
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